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We present a comprehensive study of the optical transitions and selection rules of variably charged 
single self- assembled InAs/GaAs quantum dots. We apply high resolution polarization sensitive 
photoluminescence excitation spectroscopy to the same quantum dot for three different charge states: 
neutral and negatively or positively charged by one additional electron or hole. From the detailed 
analysis of the excitation spectra, a full understanding of the single-carrier energy levels and the 
interactions between carriers in these levels is extracted for the first time. 



I. INTRODUCTION 

The discrete nature of the energy levels in semi- 
conductor quantum-dots (QDs) has been a subject of 
many studies 1 7 . This "atomic-like" spectral feature 
of QDs, together with their compatibility with modern 
semiconductor-based microelectronics and optoelectron- 
ics, make QD-based devices particularly promising as 
building blocks for future technologies involving quan- 
tum information processing (QlP)Pini Devices that emit 
single and entangled photons on demancM^ are typical 
examples of these potential applications. One important 
reason which makes QDs particularly attractive for these 
applications is that, unlike atoms, their charge state can 
be easily controlled by external fields ESHHl 

A detailed understanding of the energy levels of con- 
fined carriers in these QDs, and the interactions between 
them, is essential for implementing these potential appli- 
cations. Therefore, there are many experime ntal and the- 
oretical studies aiming at achieving this goal P^^^ Var- 
ious experimental methods are applied in these studies: 
polarization sensitive photoluminescence (PL; 3 ! 4 ! 6 ! 21 !, pl 
in the presence of el ectricP ^ and magnetic fields 22 , and 
PL excitation (PLE) 5 ^^ spectr oscop ies, second order 
intensity cor relati on measurement J 6 * 2 1 ' and time resolved 
spectroscopy 21 -!^, just to mention a few. These various 
experimental methods, when combined with many body 
models, lead to a relatively good understandi ng o f the 
emission spectrum of neutra l 3 ! 4 ! 6 * and charge d 3 ! 4 ! 2 ^ QDs. 
In a recent study, we applied one and two photon PLE 
spectroscopies to a neutral QD to fully reveal its excitonic 
and biexcitonic resonance-rich spectrumP 

In the current work, we use our ability to optically 
control the QD charge state in order to apply high spec- 
tral resolution polarization sensitive PLE spectroscopy of 
the same QD at different charge states. A detailed un- 
derstanding of the spectrum of a neutral QD 7 leads in 
turn to an understanding of the spectrum when the QD 
is charged with an additional, single electron or heavy- 
hole. This way, a comprehensive understanding of sin- 



gle electron and single hole states and energy levels is 
achieved, together with characterizations of the interac- 
tions between carriers in these levels. 



II. THEORY AND EXPERIMENT 
A. The experimental setup 

The sample used in this work was grown by molecular- 
beam epitaxy (MBE) on a (001) oriented GaAs substrate. 
One layer of strain-induced In x Gai_ x As QDs was de- 
posited in the center of a one wavelength microcavity. 
The microcavity was designed to have a cavity mode 
which matches the QD emission due to ground state e-h 
pair recombinations. Such microcavity significantly im- 
proves photon collection efficiency from emission lines 
which resonate with the cavity mode since their light is 
emitted at normal incidence. The light from higher en- 
ergy lines is emitted at energy dependent angle. There- 
fore, the spectral window in which light emitted from 
within the cavity can be efficiently collected is defined by 
the numerical aperture (NA) of the collecting optics.^ 
Planar microcavity, however, affects only marginally the 
radiative rate of emission lines (a few percents Purcell 
effect) and therefore the intensity of various emission 
lines within the allowed spectral window is not influenced 
by the cavity. Absorption resonances measured by PLE 
spectroscopy are typically above this window, in a spec- 
tral range where the upper DBR mirror has high reflec- 
tivity (about 99 percent). Thus, laser light coupling is 
equally inefficient for all the absorption lines within the 
stop band of the DBR mirror. 

During the growth of the QD layer, the sample was 
not rotated, resulting in a gradient in the grown QD den- 
sity. The estimated QD density in the sample areas that 
were measured is 10 8 cm -2 . However, the density of 
QDs that emit in resonance with the microcavity mode 
is more than two orders of magnitude lowerP^Thus, sin- 
gle QDs separated by a few tens of micrometers were 
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easily located by scanning the sample surface during PL 
measurements. Strong anti-bunching in intensity auto- 
correlation measurements was then used to verify that 
the isolated QDs are single dots and that they are single 
photon sources. 

The sample was placed inside a sealed metal tube im- 
mersed in liquid helium, maintaining a temperature of 
4.2K. A x60 microscope objective with a numerical aper- 
ture of 0.85 was placed above the sample and used to 
focus the excitation laser on the sample surface and to 
collect the emitted PL. The relatively high NA of our sys- 
tem resulted in ~15 meV broad spectral window above 
the cavity mode energy in which PL emission from the 
QDs was efficiently collected. We used a cw tunable 
Ti:sapphire laser to scan the energy of the optical exci- 
tation. The laser emission energy could be continuously 
changed using coordinated rotations of a three plate bire- 
fringent filter and a thin etalon. The excitation inten- 
sity was about 0.5/iWatt, in which no power broadening 
of the absorption resonances, was observed, but the PL 
emission was reasonably intense, allowing efficient PLE 
spectroscopy. The polarization of the light was adjusted 
and analyzed using a polarized beam splitter (PBS) and 
two pairs of computer-controlled liquid crystal variable 
retarders (LC VRs) . The PL was spectrally resolved by a 
1-meter monochromator and detected by a cooled CCD 
camera. 1 -*- 1 

For the polarization sensitive PLE spectroscopy, we 
monitored the polarized emission from an identified PL 
spectral line while varying the energy and polarization 
of the exciting light source. From the measured varia- 
tions in the intensity of the emitted PL we construct the 
PLE spectrum. Resonances in the PLE spectrum are due 
to many carrier states in which a photon is absorbed by 
generating an additional electron- hole pair. Increased ab- 
sorption results in increased emission intensity from the 
respective PL lines due to recombination of an electron- 
hole pair from a many carrier state to which the excited 
carriers are relaxed prior to their recombination. The po- 
larization sensitivity is due to one to one correspondence 
between the many carriers' spin wavefunction and the 
polarization of the absorbed or emitted photonP^ The 
energy of a particular resonance, its relative intensity, the 
particular lines that it relaxes to, and its polarization se- 
lection rules are then used to unambiguously i dentify the 
many-carrier states which form this resonance! 7 ! 27 * 28 ! 

Variation in the QD charge state was achieved by ad- 
ditional excitation with very weak intensity light with 
an energy above the bandgap. We discovered that the 
average charge state of the QD strongly depends on the 
energy of this minute amount of light. By changing the 
light color from red (633 nm) to violet (458 nm) we suc- 
ceeded to vary the QD charge state from positive to nega- 
tive, respectively. For each color, the average charge was 
different, as judged by the intensity of the emission from 
various charged exciton states. By mixing two colors, 
any desired average charge state can be obtained. While 
the exact mechanism of this charging control method is 



not accurately known, it can be qualitatively explained 
in terms of deionizati on of ionized impurity centers in 
the vicinity of the QD.^EHl A more quantitative descrip- 
tion of this controlled charging is currently under study, 
however, it is beyond the scope of this work. 

It is important to note that the charge state of the QD 
achieved by this weak high energy illumination is an av- 
erage state only. Typically, we observe emission from at 
least two, more often three different charge states at a 
given steady state illumination condition. Clearly, under 
these conditions the charge state of the QD fluctuates 
in time. The fluctuation times are excitation intensity 
dependent and can be straight forwardly measured using 
second order intensity correlation measurements. We re- 
cently reported on characteristic optical charging times of 
few nanoseconds^ and on a mechanism of charge fluctua- 
tions via the dark exciton state. In the current work, the 
intensity of the high energy excitation was much lower, 
resulting in at least an order of magnitude longer charg- 
ing times. Since the PL accumulation times were typi- 
cally about a second, charge fluctuations times are still 
too short to cause observable "telegraphic" noise in the 
measurements. 



B. Photoluminescence spectra 

Fig. T] presents rectilinear horizontal (H) and vertical 
(V) polarized PL spectra of a single QD in resonance with 
the microcavity mode for three different average charge 
states. The observed spectral lines are identified in the 
Figure. 

The notation used by Benny et al. 7 is used in this work 
as well: A single carrier state is described by its enve- 
lope wavefunction or orbital mode (0=1, 2,. ..,6), where 
the number represents the energy order of the level, so 
that 0=1 represents the ground state. O is followed by 
the type of carrier, electron (e) or heavy-hole (h) and 
a superscript which describes the occupation of the sin- 
gle carrier state. The superscript can be either 1 (open 
shell) or 2 (closed shell), subject to the Pauli exclusion 
principle (unoccupied states are not included in the de- 
scription). All the occupied states of carriers of same 
type are then marked by subscripts which describe the 
mutual spin configuration (a) of these states. A full de- 
scription of a positive trion with two unpaired holes has 
therefore the form (Oe^ 1 )^ (Oh 1 h 1 Oh 2 h 1 ) crh and in the 
same way a negative trion with two unpaired electrons 
has the form (O ei e 1 O e2 e 1 ) CTe (Oh 1 h 1 ) <7h . 

Fig. [TJa) presents the PL emission spectrum of the 
QD populated on average with one positive charge. This 
PL was obtained while the QD was excited by a HeNe 
laser light. The spectrum in this case is dominated by an 
unpolarized spectral line which appears 0.4 meV below 
the neutral exciton line. Based on previous studies, we 
unambiguously identify this spectral line as the optical 
transition from the ground state positive trion (X +1 ), 
(le 1 )(l/i 2 ) — » (Ih 1 ) to a single ground level heavy hole 



3 



stated In the initial state, the two holes form a singlet of 
spin in their ground level. The total spin of this state 
is therefore given by the spin-half state of the single- 
electron. As expected, this total half-integer spin state is 
doubly (Kramers) degenerate in the absence of external 
time reversal breaking perturbation, such as a magnetic 
field. 

The selection rules for optical transitions from this 
state are determined by the spin of the recombining elec- 
tron.^ A spin-up, 'f (-down, \) electron recombines with 
a spin-down, Jj- (-up, ff) hole to give a left (right) hand 
circularly polarized photon with angular momentum of -1 
(+1). Since excitation at this high, above bandgap en- 
ergy, photogenerates an equal mixture of the two electron 
spin states, the PL that results from the recombination 
is unpolarized. 

The energy separation between the first and second 
hole levels is smaller than that between the correspond- 
ing electron levels, mainly due to the hole's larger effec- 
tive mass. The lowest energy excited level of the positive 
trion is therefore one in which one of the holes is in its first 
excited level! 2 ^ The total spin of the two holes that oc- 
cupy the QD is 3, and thus there are four possible states 
with three possible spin projections for the two hole total 
spin; +3, (—3) when both holes are aligned with spin up 
(down), and two states with total spin projection 0, when 
the holes spins are anti-aligned. The hole-hole exchange 
interaction removes the degeneracy between the singlet 
state, l/y/2(^ — fNJ-) (S h ), which is antisymmetric un- 
der carrier exchange, and the three, lower energy, sym- 
metrical states, U (T* 3 ), fttt (2+ 3 ) and l/v / 2(M + M) 
(To 1 ). There is experimental evidence, based on recom- 
bination of the doubly positively charged exciton, that 
the degeneracy of the triplet states is further removed 
to a higher energy singlet with spin projection and a 
lower energy doublet with spin projection ±3P Here, in 
the case of the excited positive trion, this degeneracy is, 
in any case, removed by the electron- hole exchange in- 
teraction with the single electron. 

The effect of the electron-hole exchange interactions 
on the triplet states of a trion are well described else- 
where in terms of the pseudospin HamiltonianP^ Fig. 
[2] describes the energies of these eigenstates. The emis- 
sion and absorption transitions of the positively charged 
trion are described in the Figure as well. For simplicity, 
these transitions are denoted by numbered arrows where 
the numbers reflect their energy order and up (down) 
arrow symbolizes photon absorption (emission). In a 
simple model, optical transitions between electron and 
hole levels of different orbital symmetries are forbidden, 
due to zero overlap between the electron and hole enve- 
lope wavefunctionsP However, our experimental results 
clearly indicate that these transitions are allowed, prob- 
ably due to sy mmet ry breaking between the electron and 
hole potentials P^H 

We note in Fig. [2] that the optically allowed transitions 
from the triplet states are partially rectilinearly polar- 
ized, due to the mixing between the T± 3 and Tq states, 



described by the coefficients a and These two tran- 

sitions are identified in the PL spectrum, where the tran- 
sition from the T± 3 state appears at -4.06 meV and the 
transition from the Tq state appears at -4.17 meVP^ At 
an energy of 0.43 meV, about 4.6 meV higher, the tran- 
sition from the singlet (le 1 )(lh 1 2h 1 ) s — » (2/i 1 ) is identi- 
fied. The transitions from the positive ground state biex- 
citon, (le 2 )(lh 2 2h 1 ), to these triplet states are identified 
in the spectrum as well. These biexcitonic transitions 
were identified previously by time-resolved intensity cor- 
relation measurements. 21 Additional lines are identified 
as transitions related to a two-hole charged QD (X +2 ). 
These transitions present exactly the same resonances 
in their PLE spectra (not shown here), and thus we at- 
tribute them to emission lines that occur from the same 
initial state. 

Fig. [IJb) presents the PL spectrum excited with 488 
nm Ar+ laser light. Under these conditions the QD is on 
average neutral. One clearly notes that neutral optical 
transitions in this spectrum are stronger than transitions 
in the presence of additional charge. The ground state 
neutral exciton and biexciton are readily identified by 
their well stu died fi ne-structure cross-rectilinearly polar- 
ized doublets j 34 l 35 l The biexciton doublet, about 3.3 meV 
lower in energy than the exciton doublet, has the same 
energy separation between its two cross-rectilinearly po- 
larized components as the exciton albeit with reversed 
order, as expected! 3 -^ Additional neutral transitions are 
observed, resulting from the spin-blockaded hole triplet 
states of the first excited biexciton, where one hole is in 
the second orbital energy mode. These lines are discussed 
in detail elsewhere The transitions from the neutral 
triexciton, where the QD is populated by three elec- 
trons and three holes, (le 2 2e 1 )(l/i 2 2/i 1 ), to the neutral 
electron-triplet-hole-triplet biexciton states 7 are identi- 
fied in this spectrum as well. 

Fig. [IJc) presents the PL spectrum excited by 458 nm 
Ar+ laser light. Under these excitation conditions, the 
QD is on average negatively charged with one electron. 
The optical transitions in which the QD is negatively 
charged become much stronger than the neutral transi- 
tions, while positive transitions nearly vanish. The eigen- 
states of the negatively charged QD can be described 
in a similar way to those of the positively charged one. 
Here, the PL spectrum is dominated by an unpolarized 
spectral line due to recombination from the ground state 
of the negative trion, (le 2 )(l/i 1 ) — » (le 1 ). In addition, 
the transitions from the metastable, spin-blockaded ex- 
cited trion levels, where one electron occupies the first 
excited electron orbital level, are observed. Similarly to 
the positive trion, four different spin configurations are 
expected; one ant i- symmetric with respect to electron ex- 
change with total spin projection 0, l/y/2(U ~ It) (S e ), 
and three symmetric triplet states with total spin pro- 
jection 0, l/\/2(U + if) (T§), and 1 (-1) : ff C^i) [U 
(Tf ]_)]. Due to the electron-electron exchange interaction 
the singlet state is higher in energy by a few meV, and 
the electron-hole exchange interaction further removes 



4 




Energy (meV) 

FIG. 1: Rectilinear ly polarized horizontal (blue line) and vertical (red line) PL spectra of the single QD, at various charge 
states. In (a) the QD is on average positively charged by an additional heavy hole, in (b) it is neutral, and in (c) it is charged 
negatively, having on average one additional electron. The spectral lines due to excitonic and biexcitonic recombinations are 
identified in the Figure, denoted by the initial state of the optical transition. The numbers in bold rectangles in panel (a) 
denote optical transitions with the same numbers as in Fig. [2] 



the degeneracy between the triplet states. 

The transitions from the ground state of the nega- 
tively charged biexciton to the metastable spin-blockaded 
triplet states of the exciton are also observed in the PL 
spectrum of Fig. [ljc). The identification of these biexci- 
tonic transitions was confirmed by time-resolved intensity 
correlation measurements between the cascading transi- 
tions in a similar manner to the positive transitions^ 
(not shown here). The intense line at about -6 meV 
is observed only in the PL spectrum of the negatively 
charged QD state. We attribute this line to a transition 
from a doubly negatively charged QD (le 2 2e 1 )(l/i 1 ) — >• 
(le^e^T (X- 2 ). 



C. Photoluminescence excitation spectra 

Higher energy transitions were studied by PLE mea- 
surements. The main resonances in the PLE can be easily 



understood by inspecting the simple state diagrams pre- 
sented in Fig. [3j In these diagrams the initial carriers 
are presented in grey and the resonantly photogenerated 
electron-hole pair is presented in red. Each row in Fig. [3] 
corresponds to a certain photoexcited pair, and each col- 
umn corresponds to a particular QD charge occupation. 

The first row of Fig. |3|a) describes various transitions 
in which a ground-state electron and a first-excited-state 
hole, (le 1 )(2/i 1 ), are photogenerated. If the pair is added 
to an empty QD, an exciton will be formed (X°). If the 
QD is populated by a single electron, the added pair will 
result in a negative trion (X -1 ) in which the two elec- 
trons are paired in the ground state (singlet). If the QD is 
populated by a hole, four different Kramers degenerate 
spin-configurations of a positively charged trion (X +1 ) 
may be formed: three metastable spin-blockaded states 
in which the holes form triplets, and one state in which 
the holes form a singlet state. If the QD is occupied by 
an exciton, then the added pair will result in one of the 
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FIG. 2: Energy diagram of the positively charged trion 
states, (le 1 )(l/i 2 ) and (le 1 )(l/i 1 2/i 1 ) and the optical transi- 
tions to and from these states. Blue (red) arrows represent 
partial H (V) linear polarization.^ The optical transitions are 
numbered in increasing energy order, and the numbers corre- 
sponds to transitions observed in PL (Fig.l) and PLE (Fig. 4) 
spectra. The spin configurations are presented to the right. 
Blue single (double) arrows represent a ground state electron 
(hole) and red single (double) arrow is for an excited electron 
(hole), a and are the coefficients of mixing between the T±3 
and To states.^ 
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FIG. 3: Schematic descriptions of the multi-carrier reso- 
nances observed in the PLE spectra (Fig.H|. Optical transi- 
tions in which le 1 — 2/i 1 , 2e x — lh 1 and 2e x — 2/i x electron- 
hole pair are photogenerated are described in (a), (b) and 
(c), respectively. Transitions involving the positive trion, the 
neutral exciton, the negative trion and the neutral biexciton 
are presented, in the first, second , third and fourth column, 
respectively. The background colors are used for identifying 
these transitions in Fig. [4] Filled (empty) red circle represents 
the photogenerated electron (hole) and a filled (empty) gray 
circle represents a resident electron (hole). 



neutral biexcitonic (XX ) e-singlet-h-triplet states. The 
transitions described in this row are marked blue. 

In the second row, Fig. |3jb) , the photogenrated elec- 
tron is in its second energy level and the photogener- 
ated hole is in its ground state (2c 1 ) (lh 1 ). In general, 
these resonances are expected at higher energies than the 
corresponding resonances (same column) in Fig. [3^a), 
because the separation between the energy levels of the 
electrons is larger than that of the heavy holes. There 
is, however, one important difference between the two 
cases. The energy difference between the first two elec- 
tron levels closely resonates with the energy of one longi- 
tudinal optical (LO) phonon in the materials composing 
the QD and the wetting layer. This results in efficient 
LO phonon mediated coupling between these electronic 
levels. This coupling has important consequences on the 
observed spectra, as previously notecP^ and further dis- 
cussed below. The transitions described in this row are 
marked yellow. 

In the third row, Fig.^c), both photogenerated carri- 
ers, the electron and hole, are in their first excited state, 
(2e 1 )(2h 1 ). Thus, these transitions are at higher energies 
than the transitions in rows (a) and (b). The trions in 
this case have four Kramers' degenerate spin configura- 
tions of the majority carriers, as in the case of rows (a)- 
(b); three triplet states and one singlet state. One of the 
four levels, that in which all the carriers spins are aligned, 
is optically inaccessible. The neutral biexciton, however, 
has sixteen spin configurations (2 4 ): e-triplet-h-triplet 
(nine states), e-triplet-h-singlet (3 states), e-singlet-h- 
triplet (3 states) and e-singlet-h-singlet (1 state). Here 
as well, two states in which all the carriers' spins are 
aligned are optically inaccessible!^ The LO phonon me- 
diated coupling between the first two electronic levels, 
has similar signature in the PLE spectra from Fig. [3jc) 
as it has in the PLE spectra of Fig.[3|b). The transitions 
described in this row are red. 

In Fig. [4j we present the PLE spectra of the main 
optical transitions presented in Fig. [I] together with a 
high resolution polarization sensitive PL spectra of the 
spectral lines used for monitoring the PLE spectra. 

Fig. [4|a) and Fig. |4|b) present the PLE spectra of the 
neutral exciton and biexciton, respectively. These spec- 
tra were presented and discussed previously.^ Here they 
are displayed for comparison with the PLE spectra of the 
charged trions. The PLE spectra of the ground and first 
excited positive trion are presented in Fig. |4jc) and Fig. 
|4^d), respectively. Similarly, the PLE from the ground 
and first excited negative trion are presented in Fig. [4je) 
and Fig.[4^f), respectively. The identified resonances are 
denoted in each spectrum. 

The transitions that we describe in Fig. [3] are clearly 
identified in the PLE spectra in Fig. [4ja-f), where they 
are colored according to their classification. We note that 
transitions in which the hole is excited to its 2nd, 3rd 
and 4th energy levels are similar in nature. Therefore 
they are all marked blue in Fig. [4] The identifications 
of the various lines are based here on their energetic or- 
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FIG. 4: Measured linear horizontal (blue) and vertical (red) polarized PL (left panels) and total linear polarized PLE 
(right panels) spectra of the transitions (le^lft 1 ) -> (a), (le 1 )(lh 1 2h 1 ) T±3 -> (le 1 )(2/i 1 ) (b), (le^lft 2 ) -> (lh 1 ) (c) 
(le 1 )(lh 1 2h 1 ) T ± 3 (2ft 1 ) (d), (le 2 )(l/i 1 ) (le 1 ) (e) and (le^e 1 )^ (lft 1 ) (2e x ) (f). The assignment of the resonances 
are marked on the figures, above the observed resonances. The numbers in bold rectangles in panels (c) and (d) denote optical 
transitions with the same numbers in Fig. [2] 



der, their oscillator strength, and the emission line which 
monitored their absorption. In addition we utilized the 
similarities between the spectra from charged states to 
that from the neutral state 7 of the same QD. We show 
below that polarization sensitive PLE measurements fur- 
ther support our line identifications. 

By inspecting Fig. [2] one immediately sees that the 
energy difference between the first and second hole or- 
bitals, Aih-2h: can be directly extracted from the energy 
difference between the absorption transitions 5,6 and 7 
[(lh 1 ) — »• (le 1 )(lh 1 2h 1 ) (Jh ] and the emission transitions 
1,2 and 4, [(le 1 )(lh 1 2h 1 ) (7h (2ft 1 )], respectively. Thus, 
using Figs. |4^c,d), [transition 5 is seen in the PLE spec- 
trum of the PL from the line (le 1 )(lft 1 2ft 1 ) To -> (2ft 1 ) 
which is not shown here] and Fig. [I] we obtain Ai^_2^ = 
13.70 ± 0.02 meV. 

Similarly, the difference between the first and sec- 
ond electron orbitals can be determined by inspect- 
ing Fig. (4^f). One finds that the energy difference 
between the doublet in the PLE spectrum due to 
the optical transitions (le 1 ) — » (le 1 2e 1 )T (lh 1 ) and 
(le 1 ) H> (le^e^^lft 1 ) and the doublet in PL due 
to the optical transitions (le 1 2e 1 )T (l^ 1 ) —> (^e 1 ) and 
(le 1 2e 1 ) T±1 ( lhl ) (2c 1 ) is exactly Ai e _ 2e = 27.85 ± 



0.02 meV. 

We note that the first excited state of the negative 
trion is a singlet [see Fig. 4|[e)] while the first one of the 
positive trion is a triplet [see Fig. Qd)]. This difference 
is expected since the lowest energy excited resonance is 
obtained by promoting a heavy hole, rather than an elec- 
tron (Fig. [3]). This further supports our spectroscopic 
identification. 

The symmetry-allowed optical transitions between the 
second electron and hole states described in Fig.[3jc) give 
rise to very strong resonances in the various PLE spec- 
tra (colored red). We note however that the linewidth 
of these symmetry- allowed transitions differ significantly. 
While the line- width of resonances to states in which the 
two electrons form triplets is very narrow, transitions to 
states in which there is only single electron in the second 
electron state, or to states in which the two electrons 
form singlets, are quite broad. We attribute this broad- 
ening to optical phonon-induced strong coupling between 
the first and second electronic orbitals. The LO phonon 
dispersion broadens these transitions and enhances their 
optical strength. Since the phonon does not mix states 
of different electronic spin, triplet electronic states are 
not coupled to the ground singlet state. We note that 
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FIG. 5: HH (blue line) and VV (red line) rectilinear ly 
polarized PLE spectra, where the first (second) letter indi- 
cates the polarization of the exciting (emitted) light. The 
following resonances are presented: (a) (le 1 )(l/i 1 2/i 1 ) T , (b) 
(le^l/iWjT, (c) (le^l/iW)^ (d) (2e 1 )(l/i 1 2/i 1 ) T , (e) 
(le 1 2e 1 ) T (2/i 1 ). 

these resonances are about 29 meV higher than the cor- 
responding resonances in which the electron is in the first 
level. This energy separation characterizes the energy of 
LO phonons in compounds of GaAs and InAs.^QSl 

The phonon induced strong coupling also enables 
the symmetry forbidden optical transition that results 
in photogeneration of a (2e 1 )(lh 1 ) electron- hole pairP^ 
These transitions become strong and broad as marked 
yellow in Fig. [4ja,e). Their energy difference is about 29 
meV higher than the corresponding transition into the 
first electronic orbital. 

In Fig. [5j the rectilinearly polarized PLE spectra of 
a few of the resonances observed in Fig. [4^d) and (f) 
are displayed. The resonances appear in pairs since they 
result from the triplet hole states Tq and T± 3 [Fig. p3Ta- 
d)] and from the triplet electron states T§ and T± ± [Fig. 
pie)]. Spectra in which the exciting light is polarized H 
(V) and the detection is polarized H(V) are displayed in 
blue (red). 

We note that, due to the anisotropic electron- hole ex- 
change, the two triplet states are mixed and therefore 



partially linearly polarized as schematically described in 
Fig. [2] This partial linear polarization holds also in Fig. 
|5|d) despite the LO-phonon induced spectral broaden- 
ing. As mentioned above, phonon mediated transitions 
preserve the electronic spin and therefore also preserve 
the optical polarization. Additionally, in all the spectra 
except the one presented in Fig. [5jb) the higher energy 
transition among the doublet, is polarized H and leads 
into the triplet states in which the majority carriers' spins 
are aligned (T± 3 and T± x for holes and electrons, respec- 
tively). In Fig. [5jb) , however, this energy order is re- 
versed. We attribute this reversal to the difference in 
the symmetry of the excited hole state, which is py-like, 
rather than p^-like or d^^-like in all the other cases. 
This symmetry difference results in the sign reversal of 
A in Fig.2P^ 



III. SUMMARY 

In summary, we present a comprehensive study of the 
optical transitions of the same single self assembled quan- 
tum dot in various charge states. Our study provides 
a systematic way of understanding the rich photolumi- 
nescence and photoluminescence excitation spectra that 
such quantum dots reveal and in particular, a direct mea- 
surement of the confined single carriers' energy level sep- 
arations. The experimental and theoretical tools that we 
developed for the spectroscopic characterization of these 
variably charged quantum dots are essential for achieving 
coherent control of carrier spins in semiconductor quan- 
tum dots and for possible implementation of quantum 
logic. 
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